Variation in traits across species distribution ranges is often indicative of diversifying evolution that can lead to speciation. Of particular interest is whether traits vary clinally or abruptly because the latter pattern can be indicative of incipient speciation. Understanding of intraspecific variation in chemical traits is still in its infancy because studies of population variation have tended to focus on morphology or neutral genetic markers. To address these issues, the composition of cone volatile odours was examined in ten populations of the South African cycad Encephalartos villosus across its range in the Eastern Cape and KwaZulu Natal using headspace sampling and analysis by gas chromatography-mass spectrometry. Because volatiles play a key role in attracting pollinators to cones of Encephalartos cycads and may thus reflect local adaptation to pollinators, pollinator assemblages were also investigated in the ten populations of E. villosus. Volatile compounds from populations in the north of the distribution range were dominated by unsaturated hydrocarbons, whereas, in the southern populations, nitrogencontaining compound and terpenoids were the major compounds. A shift between southern and northern populations appeared to occur at the Umtamvuna River, where populations had odour profiles with components of both the northern and southern populations. However, one population in the north (Vernon Crookes Nature Reserve) had a quantitatively similar odour profile to the populations in the extreme south of the range. These results reveal strong interpopulation variation in the cone scent of E. villosus, including variation in the relative emission of dominant compounds that may play key functional role in this pollination system. However, pollinator assemblages did not differ across the different populations, which suggest that these patterns were produced by co-evolution or drift, rather than by pollinator shifts.
INTRODUCTION
Floral odour can play a key role in plant-pollinator interactions through its influence on the composition and behaviour of pollinators that use this trait as a cue (Dobson, 2006; Raguso, 2008) . Odours are usually blends of compounds belonging to several chemical some cases, highly specialized plant-pollinator interactions are mediated by floral odours (Pellmyr, 1992; Jürgens, 2009) and these can provide a species specific signal ('private channel') that elicits the required behavioural response from the pollinating organism (Schiestl & Peakall, 2005; Raguso, 2008; Chen et al., 2009 ). The implication is that floral odour should be a species-wide attribute with the expectation that changes in floral odours may be associated with shifts in pollinators that may lead to speciation in plants (Johnson, 1996; Johnson & Steiner, 1997) . It has been argued that such evolutionary changes in floral odours played a role in the diversification of both angiosperms and pollinating insects (Pellmyr & Thien, 1986) .
Although the majority of studies of floral odour have focused on flowering plants, work on cycads shows that cone odour is also an important factor influencing behaviour of pollinators in this ancient plant lineage (Terry et al., 2007a, b) . Limited available information shows that differences in odour profiles between cycad species can be associated with differences in pollinators, as illustrated by Macrozamia species being pollinated by either thrips (Cycadothrips) or weevils (Tranes) (Terry et al., 2004a, b) . The expectation may therefore be that the volatiles which influence pollinator behaviour will also be invariant species-wide attributes in cycads. To date, there have been no studies of volatiles across the full distribution range of any cycad species to test this hypothesis.
Preliminary investigations of the African cycad Encephalartos villosus showed that cone odours appeared to be inconsistent with the model of a stable odour profile throughout the species distribution. Plants originating from populations in the Eastern Cape (EC) had cone odour profiles characterized by eucalyptol and 2-isopropyl-3-methoxypyrazine, whereas those from KwaZulu Natal (KZN) were characterized by (3E)-1,3-octadiene and (3E,5Z)-1,3,5-octatriene (T. N. Suinyuy, unpubl. data) . These differences raise questions about possible shifts in pollination systems across the range of E. villosus and the relative influence of different compounds on the behaviour of pollinating insects. The present study therefore aimed to determine the extent and pattern of variation in cone odour chemistry across the full distribution range of E. villosus and to analyze whether cone volatile variation between populations is associated with different insect visitors. Two alternative hypotheses were tested to explain the observed variation in cone volatile composition among populations of E. villosus.
The hypotheses were: (1) that changes in volatile composition reflect a change in pollinators and may indicate that E. villosus, as currently circumscribed, comprises at least two cryptic species and (2) that variation is related to geographical separation between populations, such that plants in populations that are furthest apart would differ the most in emitted volatile compounds.
MATERIAL AND METHODS

PLANT MATERIAL AND LOCALITY
Encephalartos villosus is distributed in a relatively narrow band along the east coast of South Africa ( Fig. 1 ) with a linear distance of approximately 900 km between the southern-most and northernmost populations. There is some morphological variation in E. villosus: plants from the EC tend to have shorter heavily spined leaflets and cones with toothed edges, whereas those from KZN tend to have longer almost entire leaflets and cones with lightly toothed edges (Goode, 1989 (Mucina et al., 2006) . Volatile odour samples were collected from ten localities spread across the range of the species, including populations near to the southern and northern limits of its distribution (Fig. 1) . In total, samples were obtained from 59 male plants and 14 female plants. The sampling intensity for each locality depended on the availability of cones because E. villosus does not cone regularly and cones may be scarce or absent in particular populations (Donaldson, 1997) . Cones that were sampled were either elongated and shedding pollen in the case of males or receptive to pollen with clearly open sporophylls in the case of females.
SAMPLING OF VOLATILE COMPOUNDS
Headspace sampling was used to collect volatiles from male and female cones during pollen release and receptivity respectively. Polyacetate bags (Nalo Bratfolie Kalle GmbH) were placed over the entire cone just prior to sampling to concentrate the volatile compounds. Air from inside the bags was suctioned for 30 min into an adsorbent trap using a portable batteryoperated pump (Spectrex Personal Air Sampler PAS 500) calibrated at 200 mL min . Air samples were simultaneously collected from empty polyacetate bags placed way from the plant as controls to identify background contamination. The trap samples were stored at -20°C in a sealed vial until analysis. The traps contained 2 mg of a 50 : 50 mixture of Tenax TA (Alltech Associates) and activated charcoal (Carbotrap,
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Supelco) in a glass tube closed on both ends with glass wool. The activated charcoal is highly retentive and small quantities can be used as a result of its high adsorbing capacity (Millar & Sims, 1998; Tholl & Röse, 2006) . The adsorbent Tenax TA used in the present study is commonly used to trap volatile compounds and has a high thermal stability up to 350°C, which allows for thermal desorption in the gas chomatography analysis.
CHEMICAL ANALYSIS AND COMPOUND
IDENTIFICATION
Volatile samples were analyzed by gas chomatography-mass spectrometry using a coupled Varian 3800 gas chomatograph (Varian Palo Alto, California, USA) and a Varian 1200 mass spectrometer. The gas chomatograph was equipped with a Carbowax column (DB-wax) of 30 ¥ 0.32 mm internal diameter ¥ 0.25 mm film thickness (Alltech). Helium was used as the carrier gas at a flow rate of 1 mL min -1
. After sampling, traps were placed in a Varian 1079 injector by means of a 'Chromatoprobe' fitting and thermally desorbed. After a 3 min hold at 40°C, the gas chomatograph oven was ramped up to 240°C at 10°C min -1 and held there for 12 min. Compound identification was carried out using the NIST05 mass spectral library and comparisons with retention times of chemical standards, where available, as well as comparisons between calculated Kovats retention indices and those published in the literature. An homologous series of alkanes (C8-C20) was used to determine Kovats retention indices. All reference compounds used for retention time comparisons were obtained from Sigma Aldrich Inc. GmbH, except (3E)-1,3-octadiene, which was obtained from ChemSampco. Compounds present at higher or similar percentages in controls were considered as contaminants and excluded from the analysis.
INSECT VISITORS TO MALE AND FEMALE CONES
To determine insect pollinator assemblages on different populations of E. villosus, male and female cones were sampled during pollen shed and pollen receptivity. Cones were surveyed at the same time that the volatiles were sampled. Insects from male cones were surveyed by placing a beating sheet under the cone, which was then tapped to dislodge all the insects onto the sheet. Only insects crawling on the surface of female cones were sampled because these could be collected and stored in alcohol without damaging the female cone. The insects were counted and recorded before storing in alcohol and later identified based on keys provided in Endrödy-Younga (1991), Donaldson (1991), and Oberprieler (1996) . Voucher specimens of insects have been deposited in the entomological collection of the school of Biological and Conservation Sciences of the University of KwaZulu Natal, Pietermaritzburg campus, South Africa.
STATISTICAL ANALYSIS
PRIMER 6 (Clarke & Gorley, 2006 ) was used to assess the variation in odour between different populations. Relative proportions of different compounds in each sample were used for analyses. Non-metric multidimensional scaling (NMDS), based on Bray-Curtis similarities of square root transformed data, was used to detect similarities among samples. The stress value is given to indicate how well the distance matrix is reproduced. The significance of differences in chemical composition in samples from plants in different populations was assessed using one-way analysis of similarities (ANOSIM) with 10 000 permutations (factor: population) and the resulting test statistic R was taken as a relative measure of separation between defined groups, based on mean ranks between and within groups (0 means no separation, whereas 1 indicates complete separation) (Clarke & Gorley, 2006) .
Simple Mantel tests were performed using ZT software to determine whether cone odour composition is correlated with the actual geographical distances between populations (Bonnet & van der Peer, 2002) . The odour similarity matrices were calculated using the Bray-Curtis similarity coefficient (Clarke & Warwick, 2001 ). The geographical distance matrix was calculated from actual geographical distances between the different populations sensu Hughes et al. (2006) . Mantel tests with 10 000 permutations were performed for the complete data set.
RESULTS
COMPOUND CLASS PATTERNS IN CONE ODOURS
The chemical composition of cone odours emitted by male and female E. villosus plants is given in Table 1 . In total, 88 compounds were detected in all the odour samples and 87 were identified ( Table 1 ). The identified compounds included 19 fatty acid derivatives (four unsaturated hydrocarbons, six aldehydes, two ketones, five alcohols, and two esters), nine benzenoids, 54 terpenoids (48 monoterpenes and six sesquiterpenes), and four nitrogen-containing compounds.
The populations of E. villosus can be distinguished clearly from the composition of volatile emissions at the level of compound class. The most dominant compound classes were monoterpenes and unsaturated hydrocarbons which contributed 43.7% and 31% of the total emissions, respectively ( Fig. 1 , Table 1 ). Monoterpenes were present in almost all E. villosus populations but dominated the volatile profiles of populations in the southern part of the distribution range in the EC, including Umtiza Nature Reserve (UNR), Ocean View Guest Farm (OVGF), Dwesa Nature Reserve (DNR), Mpande area (MPD), and Mount Sullivan area (MTS). By contrast, unsaturated hydrocarbons occurred exclusively in populations in the northern part of the distribution range in KZN, notably at Umtamvuna Nature Reserve (UMNR), Oribi Gorge Nature Reserve (OGNR), Vernon Crookes Nature Reserve (VCNR), Kranzkloof Nature Reserve (KKNR), and Nkandla Forest Reserve (NFR) and were dominant components of volatiles in four populations.
Other compound classes comprised < 10% of total emissions, although there were notable differences in these compound classes between populations. Two populations in the north (NNR, KNR) had almost no minor compounds (G and I in Fig. 1 ), whereas nitrogen-containing compounds made up between 5% and 18% of emissions in three populations in the south (C, D, E in Fig. 1 ) that were otherwise dominated by monoterpenes. The remaining five populations (A, B, F, H, I in Fig. 1 ) all had a greater diversity of compound classes typically with higher proportions of aldehydes, benzenoids, and alcohols ( Fig. 1) , with benzenoids comprising almost 50% of emissions from UNR (A in Fig. 1 ) and aldehydes making up approximnately 35% of emissions in the VCNR population (H in Fig. 1) . A greater diversity of compound classes was observed in populations dominated by monoterpenes than those dominated by unsaturated hydrocarbons. 
VARIATION IN CONE VOLATILE COMPOSITION 517
04 (4) 9.76 (6) 0.02 (5) 64.89 (8) 48.07 ( (6) 16.95 (5) tr (4) tr ( (4) 5.70 (5) tr (3) tr ( (5) 15.17 (6) 2.27 (4) 0.23 (7) 0.79 (5) 0.62 (8) tr (2) 5.58 (4) 0.03 (6) 7.20 (5) 0.02 (8) tr ( (4) tr (4) tr ( (5) tr (3) tr ( The number of compounds emitted by cones varied markedly between populations, ranging from 16 in UNR to 45 in KKNR (Table 1) and also between sexes. In female plants, as few as ten compounds were emitted in the MTS population and up to 24 compounds were emitted in KKNR. In male and female plants, the most commonly occurring compounds in sampled populations were p-anisaldehyde (all ten populations); benzaldehyde, eucalyptol and linalool in nine populations; b-pinene and aterpinene in eight populations; and phenol and a-pinene in seven and six populations, respectively. Fatty acid derivatives in the EC populations were composed of only six compounds compared to 19 compounds in the KZN populations (Table 1 ). It is noteworthy that all the nitrogen-containing compounds were pyrazine derivatives (Table 1) .
CONE ODOUR VARIATION BETWEEN POPULATIONS
A Bray-Curtis NMDS analysis of cone odour compounds of E. villosus (Fig. 2) showed a significant separation between the different populations (NMDS stress value 0.12; one-way ANOSIM, factor population: global R = 0.835, P < 0.01). Out of 45 pairwise comparisons between the different populations, significant separation was found between 17 of them ( Table 2 ). The clustering of populations based on chemical profiles (Fig. 2) tended to follow the overall geographical pattern of separation of EC and KZN populations. The only exceptions were individuals from VCNR in KZN in which volatiles were characterized by heptanal, linalool, p-anisaldehyde, and benzaldehyde, and had closer affinities to populations from the south of the range (OVGF and UNR; Fig. 2 ). Individuals from the UMNR population, situated at the boundary between EC (south) and KZN (north), had volatile compounds characterized by (3E)-1,3-octadiene and (3E,5Z)-1,3,5-octatriene that were typically dominant in KZN populations (OGNR, KKNR, and NFR), as well as a-terpinene and 2-isopropyl-3-methoxypyrazine that occurred in EC populations. In the EC, populations in the extreme south (UNR, OVGF) clustered together as a result of the presence of eucalyptol, benzaldehyde, heptanal, b-pinene, linalool, and p-anisaldehyde. By contrast, other EC populations (DNR, MPD, and MTS) clustered together as a result of the prevalence of 2-isopropyl-3-methoxypyrazine, a-pinene, camphene, and a-terpinene.
Mantel tests were performed to compare cone odour matrices calculated using the Bray-Curtis similarity coefficient (Clark and Warwick, 2001 ) with the matrix of geographical distance (km) between populations. The results showed a significant correlation (r = 0.39; P = 0.001) between changes in cone volatiles and geographical distance across the full range of E. villosus. When the data were analyzed in subsets, changes in volatile composition were strongly correlated with distance between populations in EC (r = 0.78; P = 0.008) and might be indicative of restricted gene flow between the populations. This is observed in the change in composition across populations from UNR to MTS (Fig. 1) . There was no correlation between volatile composition and geographical separation in KZN populations (r = 0.05; P = 0.51). This is indicated by the lack of variation in the dominant compounds across the populations, especially at OGNR, KKNR, and NFR (Fig. 1) .
INSECT POLLINATORS ON MALE AND FEMALE
CONES OF E. VILLOSUS
Pollen dehiscent cones of E. villosus in all the populations were visited by an undescribed species of Porthetes (Fig. 3C, Table 3 ). Oberprieler (1996) gave the latter species a manuscript name of P. pearsonii but the description has not been formally published. Two other beetle species (Coleoptera), namely an undescribed Erotylidae sp. nov. and Metacucujus goodei Endrödy-Younga (Boganiidae) (Fig. 3A, B) , were collected from all the populations except UMNR and NFR (Table 3) . Their absence from UMNR and NFR may be a result of the small number of cones (four male cones) in each of these populations. Porthetes sp. occurred in between the sporophylls, along the cone axis, and on the cone surface, whereas Erotylidae sp. nov. and M. goodei were moving in between the sporophylls and along the cone axis. Female cones of E. villosus in the three populations sampled were visited by Erotylidae sp. nov. and Porthetes sp. (the same taxa as on male cones) ( Table 3) and Antliarhinus zamiae (Thunberg) (Fig. 3D, E, Table 3 ). Female A. zamiae were observed piercing the cone sporophylls with their rostrums and crawling over the cone surface. Similarly, male A. zamiae were seen crawling on the cone surface, with some forcing their way in between the tight megasporophylls. In some cases, male and female A. zamiae were observed mating on the cone surface (Fig. 3F) . A few Erotylidae sp. nov. and Porthetes sp. were actively crawling on the female cone surface, whereas some were forcing their way in between the tightly packed megasporophylls. Overall, the mean ± SE number of Porthetes sp. individuals per population (833.8 ± 115.) was significantly greater than that for Erotylidae sp. nov. (294.0 ± 58.9), 
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M. goodei (171.2 ± 32.3), and A. zamiae (43.8 ± 9.7) (analysis of variance: F3,16 = 26.8, P < 0.01). This trend was evident in all of the study populations (Table 3) .
DISCUSSION
The present study provides a detailed investigation of geographical variation in volatile composition for E. villosus and is the first detailed geographical analysis of volatile composition in any cycad species. The results obtained show that there is considerable variation in the chemical composition of cone volatile emissions between populations of E. villosus including a shift from dominance of monoterpenes in the southern part of the range (e.g. DNR, MPD, and MTS around Port St Johns) to dominance of unsaturated hydrocarbons in the northern part of the range (e.g. KKNR, NFR). The UMNR population, situated in the centre of the range, appears to be the transition point (Fig. 1) . The results further show that despite the variation in volatile composition, the same insect species, namely A. zamiae, Erotylidae sp. nov., M. goodei, and Porthetes sp., are common across all the sampled E. villosus populations.
Studies of geographical variation in plant traits have shown several outcomes, including lack of structured variation across the range (Svensson et al., 2005) , clinal variation (Knudsen, 2002) , and discrete or saltational variation reflecting adaptation to different pollinators (Schlumpberger & Raguso, 2008) . The Mantel test for E. villosus data provides statistical evidence for volatile profiles being associated with geographical separation, whereas the cluster analysis indicates that this variation is more consistent with (male and female cones). B, Metacucujus goodei (male cones). C, Porthetes sp (male and female cones). D, female Antliarhinus zamiae (female cones). E, male Antliarhinus zamiae (female cones). F, male and female Antliarhinus zamiae mating. Scale bars = 1000 mm. discrete or saltational changes than with clinal changes across the range. Further studies are required to explore genetic structure across the different populations of E. villosus that may be linked to differences in cone volatiles.
CHEMICAL COMPOSITION OF CONE VOLATILES
Many of the volatile compounds and compound classes identified in this study are known to occur in other cycads (Pellmyr et al., 1991; Terry et al., 2004a, b; Azuma & Kono, 2006 , Proches & Johnson, 2009 Suinyuy, Donaldson & Johnson, 2010) and other plants (Knudsen et al., 2006) . Out of 87 identified compounds, only five compounds occurred in high relative amounts (Ն 30%) in at least one population (Table 1 ). The majority of the compounds were emitted in small relative amounts ranging from trace amounts to just above 20%. Schlumpberger & Raguso (2008) suggest that compounds that occur in small relative amounts should not be ignored because they can serve critical functions in plant-pollinator relations. Terpenoids, particularly the monoterpenes, are the most numerous compounds in the volatile blend of E. villosus and some of them together with some benzenoids occur in almost all the populations (Table 1) . Their occurrence in almost all populations suggests that they could be critical compounds that serve different functions and require further investigation. Sampling pollen dehiscent and receptive cones at different times of the day will establish whether these compounds are emitted in different concentrations that can affect insect behaviour in a similar manner to b-myrcene in some Macrozamia cycads (Terry et al., 2004a (Terry et al., , 2007a . There were relatively few unsaturated hydrocarbons but they included (3E)-1,3-octadiene and (3E,5Z)-1,3,5-octatriene, the most abundant compounds emitted by plants from KZN populations. These compounds have been recorded in the volatile profile of few plants and have been identified as possible insect attractants (Skubatz et al., 1996; T. N. Suinyuy, unpubl. data) . Four pyrazine compounds occurred in varying amounts, mostly in plants from EC populations, with 2-isopropyl-3-methoxypyrazine as a dominant compound. Generally pyrazines have distinct sensory properties and have been associated with warning signals, alerting signals to predators, aggregation pheromones of insects, oviposition stimulants (Rothschild, Moore & Brown, 1984; Abassi et al., 1998) , and insect attractants (Ervik, Tollsten & Knudsen, 1999) . The different pyrazines could therefore fulfill different functions in cycads.
GEOGRAPHICAL VARIATION OF E. VILLOSUS
CONE VOLATILES
Although E. villosus exhibited geographical variation in cone volatile emissions, the present study showed that eight of the 88 compounds occurred in almost all the populations (Table 1 ) and may be of critical importance in influencing insect behaviour because the same insect assemblages occurred in all populations (Table 3) . It is noteworthy that the pattern of geographical variation in E. villosus cone odour is explained best by changes in two compounds: 2-isopropyl-3-methoxypyrazine and (3E)-1,3-octadiene. The nitrogen-containing compound 2-isopropyl-3-methoxypyrazine occurs in all southern populations from UNR to UMNR and increases in relative amounts from UNR to MTS. By contrast (3E)-1,3-octadiene occurs in all northern populations starting from UMNR and tends to increase along the northern gradient to NFR (Fig. 1) . Samples from UMNR in the centre of the distribution range were characterized by compounds from both the southern and northern populations. The UMNR is situated in the eastern part of the Umtamvuna river gorge and occurs within the MaputalandPondoland centre of endemism. Pondoland is dominated by ancient outcrops of nutrient-poor quartzite sandstone that appear to have acted as edaphic barriers to plant migration (Carbutt & Edwards, 2001) and support a resident flora that is apparently trapped by these barriers. It is not clear exactly why the UMNR population of E. villosus contains odour compounds that otherwise occur separately in populations to the north and south, although the sharp transition in cone volatile composition in E. villosus across this region (Fig. 1) supports the idea of a biogeographical barrier in the Umtamvuna area as suggested by Carbutt & Edwards (2001) .
The VCNR population, sandwiched between OGNR and KKNR, has a suite of volatile compounds similar to that of plants from the KKNR but present in different relative quantities (Fig. 1, Table 1 ). The dominant compounds are monoterpenes, aldehydes, and benzenoids, and these are closest to those emitted by plants from the EC region (Fig. 1, Table 1 ). This suggests that these compounds occurred more widely across the range but that only plants from the VCNR population have retained and expressed the genes for biosynthesis of all the volatile compounds once present in the different populations. Long distance dispersal of seeds from the southern part of the range is highly unlikely to account for the volatile components of the VCNR population. There is no known long distance dispersal mechanism and cycad dispersal is typically within a short distance of the parent plant (Snow & Walter, 2007) . Long range pollen dispersal (> 5 km) also appears to be unlikely because Donaldson (1997) discovered that Porthetes sp., Erotylidae sp. nov., M. goodei, and A. zamiae lost a substantial amount of pollen within a few hours after they left the pollen shedding cones of E. villosus, and also that plants situated > 5 km from source populations never had insect pollinators present (J. S. Donaldson, unpubl. data) .
Intraspecific variation in plant morphology is well documented, although an increasing number of studies are revealing similar variation in chemical traits (Dobson et al., 1997; Azuma, Toyota & Asakawa, 2001; Dötterl, Wolfe & Jürgens, 2005; Chess, Raguso & LeBuhn, 2008; Jhumur, Dötterl & Jürgens, 2008; Schlumpberger & Raguso, 2008) . Hypotheses for intraspecific trait variation include phenotypic plasticity, neutral processes such as drift, adaptive processes such as co-evolution or pollinator shifts, and local hybridization. The evidence for each of these hypotheses is weighed up in relation to the geographical variation in the cone odour of E. villosus.
Phenotypic plasticity is highly unlikely to account for the geographical odour patterns observed in E. villosus because plants from populations in EC that have been growing under different environmental conditions in the Kirstenbosch Botanic Garden in Cape Town for close to 100 years emitted the same volatile compounds as those from the natural populations (T. N. Suinyuy, unpubl. data) .
Drift also appears unlikely to account for variation in the major compounds as these compounds have been shown to play functional roles in pollinator attraction (T. N. Suinyuy, unpubl. data). However, neutral and adaptive processes could apply to different compounds. For example, geographical variation in the volatile profile may occur only in compounds that are not used by pollinators to find and locate host plants (Dötterl et al., 2005; Füssel, Dötterl & Jürgens, 2007) . Pollinator shifts have been invoked for cases where there are different pollinators in different geographical areas and these can result in quantitative shifts involving changes in assemblages for plant species which are visited by a number of different pollinators (Pellmyr, 1986b; Schlumpberger & Raguso, 2008) , or involve complete transitions (Johnson & Steiner, 1997) . However, variation in floral traits can also occur without pollinator shifts (Ellis & Johnson, 2009 ). This was evidently the case for E. villosus, which showed no change in beetle species composition across the distribution range. The same insect visitors were recorded from all E. villosus populations (i.e. A. zamiae, Erotylidae sp. nov., M. goodei, and Porthetes sp.) despite the difference in volatile compounds. A recent molecular study of phylogenetic relationships within Porthetes concluded that the specimens from different E. villosus populations across the range of distribution, as well as from the related cycads Encephalartos aplanatus and Encephalartos umbeluziensis (Treutlein, Vorster & Wink, 2005) , comprised a single species (Downie, Donaldson & Oberprieler, 2008) . This suggests that changes in cone volatiles are not associated with different pollinator assemblages. However, it is still possible that there has been localized co-evolution between these insects and E. villosus, which is not reflected in molecular markers or morphology of the beetles. Performing scent bioassays at different sites will aid in understanding whether beetles, which are ostensibly the same species, exhibit regional differences in volatile preferences that could account for the geographical variation in the cone odours of E. villosus.
It is noteworthy that the barrier between northern and southern populations of E. villosus at the Umtamvuna river is also the contact zone for two other cycad species that are closely related to one another (Treutlein et al., 2005) : Encephalartos natalensis north of the Umtamvuna and Encephalartos altensteinii to the south. The odour compound (3E)-1,3-octadiene, which dominated the odour profile of E. villosus north of the Umtamvuna, is also the dominant compound in cone volatiles of E. natalensis (Suinyuy et al., 2010) . In addition, at least one of the pollinators of E. villosus also occurs on E. natalensis (Donaldson, 1997; T. N. Suinyuy, unpubl. data) . Hybridization between E. villosus and other Encephalartos species such as E. natalensis could account for some of the geographical variation in the scent of E. villosus. If there are no other barriers and backcrosses occur, gene flow across species boundaries is possible. Stökl et al. (2008) showed that overlap of flowering times in Ophrys iricolor and Ophrys lupercalis, which emit the same compounds and attract the same insects results in extensive hybridization and introgression. Although natural hybrids between E. villosus and E. natalensis have not been recorded, hybrids have been found to occur between E. villosus and Encephalartos senticosus (previously considered part of Encephalartos lebomboensis) (Dyer, 1965; Vorster, 1986) , which also emits (3E)-1,3-octadiene (T. N. Suinyuy, unpubl. data) . Hybrids have also been found in the south of the range between E. villosus and E. altensteinii in the EC where they occur in sympatry (Dyer, 1965; Vorster, 1986) . Although E. villosus and E. altensteinii have different major compounds, they emit similar minor volatile compounds that could be involved in pollinator attraction. The geographical variation in volatile compounds in E. villosus could therefore be affected by introgression of odours traits through hybridization with other Encephalartos species. Alternatively, the dominance of (3E)-1,3-octadiene among cycads in KZN may represent convergent evolution resulting from adaptation to a similar local suite of insects. Further investigation of volatile compounds and pollinators in other Encephalartos species is required to determine how they vary in relation to E. villosus across a wide geographical area.
In conclusion, the widespread cycad E. villosus consists of a number of geographically structured chemotypes. The discontinuities between these chemotypes are not sufficiently pronounced to justify recognition of distinct taxa, nor does it appear from preliminary investigations that these chemotypes are associated with different pollinators. However, the patterns suggest ongoing evolutionary diversification in E. villosus, which makes this species suitable for further microevolutionary studies on the role that insect pollinators played in the evolution of Encephalartos.
